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Abstract: An adaptive computational model is presented for estimating the work zone capacity and queue length and delay, taking into
account the following factors: number of lanes, number of open lanes, work zone layout, length, lane width, percentage trucks, grade
speed, work intensity, darkness factor, and proximity of ramps. The model integrates judiciously the mathematical rigor of traffic flow

theory with the adaptability of neural network analysis. A radial-basis function neural network model is developed to learn the mapping
from quantifiable and nonquantifiable factors describing the work zone traffic control problem to the associated work zone capacity. This
model exhibits good generalization properties from a small set of training data, a specially attractive feature for estimating the work zone
capacity where only limited data is available. Queue delays and lengths are computed using a deterministic traffic flow model based o
the estimated work zone capacity. The result of this research is being used to develop an intelligent decision support system to help wor
zone engineers perform scenario analysis and create traffic management plans consistently, reliably, and efficiently.
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Introduction eted problem that requires life-cycle cost analyses at the system
level. An analysis at the system level, however, will only be use-
Recognizing the need for serving the public’s present and future ful when a reliable model for the impact of a given work zone on
transportation needs, the Transportation Equity Act for the 21st traffic flow is available. In current practice, work zone engineers
Century (FHWA 1998 has earmarked increased funding for rely on their judgment based on previous experiences to quantify
maintenance, rehabilitation, and reconstruction of the nation’s work zone traffic impacts and to make decisions. Work zone
aging highway system. It is therefore expected that the number ofengineers have to consider a large number of factors such as
work zones would increase in the future, further impacting the work zone layout, work intensity, diversion of traffic, and driver
normal operation of the highway system. The primary goal of the pehavior.
various departments of transportatidOTs or traffic agencigs The effectiveness of a work zone traffic management plan
is to enhance mobility and safety at all times on the highway (TMP) may be measured by the delay experienced by motorists
system. Over the years, the quality and uniformity of traffic con- ang/or the length of queue formed on the upstream side. To im-
trol devices and procedures hay_e |mprov_e(_1|. However, the NUM-prove the objectivity and reliability of a work zone TMP, a reli-
bers of work zone related fatalities and injuries have remained ;1o model is needed that maps traffic flow and work zone char-
practically the same, and the traveling public has become increas'acteristics to delay time and queue length. For such a model to be
ingly frustrated with additional mobility restrictiongFHWA useful in practice, it must have the following characteristics:
2000. A large population is exposed to work zones and their ' . . . .
negative impacts. This in turn generates widespread negative sen® 't Should be based on a simple underlying principle of traffic
flow. Complicated physical and/or psychological models of

timents towards the public agencies responsible for providing ef- : - ) .
ficient and safe transportation services to the public. traffic flow are unrealizable and intractable for practical pur-

As work zones on today’s highways are becoming an increas- ~ POSes. AIso,.the dgta input ngeded for some of these models
ingly frequent and unavoidable reality, traffic agencies are faced ~ &reé not readily available, thus introducing a source of error. A
with the challenging problem of effectively planning and manag- ~ Simple model, on the other hand, can be reasoned with and

ing work zones in their jurisdictions. This is a complex, multifac- ~ “calibrated” to produce reliable results for different work zone
scenarios.
!Assistant Professor, Computer Science Dept., Lahore Univ. of Man- * It should consider the major factors that affect tra.ff|c flow
agment Sciences, Pakistan. through work zones. For example, work zone capacity should
%professor, Dept. of Civil and Environmental Engineering and Geo- ~ Not be an input, but rather should be determined from an input
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Columbus, OH, 43210. be able to process both quantifiable and nonquantifigdne
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one month, a written request must be filed with the ASCE Managing o0 qed for the analysis of different work zone traffic control
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sible publication on November 20, 2001; approved on October 21, 2002. scenarios. In particular, its applicability should not be re-
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physical/psychological model of traffic flow. This is essential cable to work zones also. By analyzing data from 24 work zones,
because real world behavior under all situations can not be Dixon et al. (1996 present capacity values of work zones for
modeled satisfactorily by conventional mathematics only. both urban and rural freeways. They found that work zone capac-
With these guidelines in mind, a new adaptive computational ity is affected significantly by work intensity, rural and urban
model is developed for estimating the work zone capacity as well location, and darkness. The presence of a work zone forces many
as queue delay and length based on the conservation principle ofegular motorists to choose alternative routes even when a diver-
traffic flow. The model integrates judiciously the mathematical sion is not specified explicitly. This phenomenon, called natural
rigor of traffic flow theory with the adaptability of neural network diversion, can play a significant role in work zone traffic flow
analysis. A radial-basis function neural netwgRB8FNN) model analysis. Natural diversion is studied by Ullmé&t996 for the
is developed to learn the mapping from quantifiable and nonquan-particular situation where the freeway has continuous frontage
tifiable factors describing the work zone traffic control problem to roads. Krammes and Lopé2994) provide recommendations for
the associated work zone capacity. Queue delays and lengths ar@ork zone capacity after analyzing data from 33 work zones.
computed using a deterministic traffic flow model based on the They present a single base work zone capacity for different work
estimated work zone capacity. The goal of this research is to helpzone configurations. This base value can be modified to reflect the
create an intelligent decision support system to help work zone effects of work intensity, traffic compositioipercentage of
traffic engineers create TMPs consistently and efficiently. trucks, and the presence of ramps just upstream of the work
zone. TheHighway Capacity ManualTRB 2000 represents the
current state of practice in traffic analyses, summarizing the re-
Review of Work Zone Traffic Control Planning sults of empirical studies of the past 20 years. Its coverage of
work zone capacity, however, is brief and limited to a few general
A work zone is a region within an existing highway’s roadway recommendations.
where active maintenance, rehabilitation, and/or reconstruction Empirical studies are generally limited in scope and not
work is carried out. The highway is not closed, and traffic flow readily applicable to decision making where different scenarios
and highway work exist in close proximity to each other. Awork have to be analyzed objectively. They do provide valuable in-
zone thus imposes a spatial and temporal restriction on a high-sights, but such insights are case-specific and have to be captured
way'’s roadway that negatively impacts the normal flow of traffic. in a generalized computational model to be of value to traffic
These impacts appear as increased congestion, travel times, accagencies in the development of TMPs. Several models have been
dents, and a greater level of dissatisfaction among the travelingproposed in the literature for the determination of queue lengths
public. Work zones are planned and managed to minimize theseand delay times associated with work zones. In general, these
impacts and the overall cost. A primary concern of traffic agencies models are based on one of two approaches of traffic flow theory:
is creation of TMPs for long-term stationary work zon@gth shock wave analysis and queuing analyday 1990. Shock
duration of more than one dgybecause they are of high impact wave analysis traces shock waves, or boundaries demarcating dif-
and visibility with a lot at stake for all parties involved. Develop- ferent flow regimes, in time and space to determine regions of
ment of such plans requires a careful analysis of traffic flow queuedcongestetland uncongested flow. Shock wave analysis is
through the work zone to determine the best work phasing anddeterministic in nature and uses only two macroscopic traffic flow
work zone layout. As mentioned earlier, the overall problem of parameters, traffic demand and roadway capacity, as input. It does
planning and managing of work zones in a highway system is not take into account the dependence of traffic demand and work
complex, requiring life-cycle cost analyses. Nowadays, however, zone capacity on many other parameters and is therefore not very
the primary focus of traffic agencies is the creation of a TMP for reliable for work zone traffic flow analysis. In queuing analysis, a
a given work zone that minimizes queue delays and lengths. work zone is modeled as a service process where vehicles arriv-
Construction and maintenance work zones on highways haveing at the work zone experience some delayeue delaybefore
been studied for more than 30 years in an effort to develop saferthey are able to continue along the highway. Queuing analysis can
and more effective TMPs. A survey of the literature that specifi- be deterministic or stochastic, and it may use either macroscopic
cally deals with mobility of traffic through work zones reveals a or microscopic traffic flow parameters. Deterministic queuing
mix of empirical studies and mathematical analyses. Empirical analysis suffers from the same shortcoming as shock wave analy-
studies collect and analyze data from work zones in an effort to sis, while stochastic analysis requires traffic distribution informa-
develop an understanding of traffic demand, work zone capacity, tion that is often not available in practice. A microscopic stochas-
work zone layout, traffic mitigation strategies, and traffic conges- tic model of traffic flow provides the most detailed analysis
tion. possible. The accuracy of such a model, however, depends on the
By analyzing data from 161 observations of freeway queuing, accuracy of human-vehicle-environment behavior models, which
Cottrell (2001 presents an empirical model of queuing delay are still not well understood and are an area of research.
using linear regression analyses. Equations are presented that re- Chien and Schonfel2001) present an optimization model for
late traffic flow and capacity variables to queue delay variables. the optimal length of a work zone on a four-lane divided highway
The model, however, is for recurrent congestion only and does (two lanes in each directignwith one lane in each direction
not consider congestion caused by work zones and their associclosed. The objective function is the total cost, including user
ated variables. Cassidy and Mau001) also study recurrent  cost, accident cost, and agency maintenance cost. The model as-
congestion using cumulative plots of traffic count and show that sumes that work zone capacity is constant and independent of
the density in long queues that span several interchanges dework zone characteristics. Islam and Senevirdfi893 evaluate
creases in the upstream direction. In an earlier study, Cassidy andhe suitability and effectiveness of four traffic planning software
Bertini (1999 analyze discharge patterns from freeway bottle- tools for the evaluation of TMPs, while Sadegh et @988
necks and conclude that discharge rates are nearly constant whepresent a simulation model for work zones on arterials. The com-
taken cumulatively. These two articles provide general insights puter program QUEWZqueue and user cost evaluation of work
into queuing behavior caused by bottlenecks that may be appli-zones evaluates queue lengths and additional user costs for work
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zones on freeway@Memmott and Dudek 1984; Krammes et al.
1987. This model uses the conservation of flow principle to cal-
culate the queue lengths and user costs for different lane closure
configurations and work schedules. The capacity of the work zone
is calculated from empirical speed-flow-density relationships and
is independent of the work zone characteristics, such as work
zone layout and work intensity.

Recently, an initiative at the Federal Highway Administration
(FHWA) was launched to develop strategic tools for work zone
traffic analysis and decision support. As part of this program, a
spreadsheet based tool called QuickZone has been developed tc
quantify work zone queue delays and lengths given work zone
capacity, traffic demand, and work phasifMitretek 2000. The
QuickZone software takes as input hourly values of traffic de-
mand and work zone capacity. Queue lengths and delays are com-
puted by the deterministic input-output conservation principle of
traffic flow. The software does not take into account work zone
layout, lane widths, driver behavior, work intensity, and proximity
of ramps in the computation of work zone queue delays and
lengths.
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Deterministic Queuing Model for Work Zone Traffic
Analysis

Closed off area for work activity

T . . . A Advance work zo ing si
A deterministic macroscopic queuing model is used to calculate ;' ighway demand

queue lengths and delays produced by bottlenecks on highways ¢, & Work zone and unrestricted (work zone free) highway capacity
such as work zones. This model is based on the principle of * ¢ Startand finish time of work zone
conservation of flow, which states that under homogeneous road-
way conditions the number of vehicles entering a segment in a
given time period must be equal to the number of vehicles exiting
the segment in the same time period. If the road segment is inho-
moger?eous, with a bottleneckpsuch as a capacity Sr]educing work QEy=max{f()—c()+Q(t=1),0] t= 123,23 (1)
zone existing on a portion of the segment, then the number of The termQ(t—1) on the right-hand side of recursive E{)
vehicles exiting may be fewer than the number of vehicles enter- represents the number of vehicles in the queue for the previous
ing the segment. The difference in such a situation represents thdime period. Wheri=1, the queued vehicles at the previous time
queue formed in the upstream direction. periodQ(t—1) can be taken equal to zero if the beginning of the
This model is an adaptation of the theory of incompressible evaluation period is chosen at a time when demand is less than
fluid flow to vehicular traffic streams. It only requires as input the capacity. The highway capacityt) is equal to the work zone
traffic demand(or flow rate, highway capacity, and their varia- capacity,c,y, when the work zone exists and equaldg, the
tion over time. If conservation of flow is evaluated over a reason- capacity of the freeway, in the absence of the work z@tig. 1).
able time periodsay, greater than 15 m)irthe model produces If k is the jam density(the number of queued vehicles that
practically accurate estimates for queue lengths and delay timesoccupy a given length of highwaythen the average length of the
that can be used for planning, assuming that the demand andjueue at time periotlis given by

Fig. 1. Schematic description of traffic demand and capacity through
work zones

capacity values represent the actual conditions on the highway Qt)

accurately. In the following paragraphs, the model is formulated QuL(t)= — t=0,1,2,..,23 2)

for a single link or segment of freeway containing a capacity

reducing work zone. The expected daily queue deléy vehicle-hours experienced by
Fig. 1 shows the layout of a freeway segment with a construc- motorists is given by

tion work zone. The work zone acts like a metered on-ramp that 23

allows only a certain number of vehicles to pass through in a - Q(t)JFQ(t—l)At 3

given amount of time. Major freeway repair, rehabilitation, and QD_I=1 2 3)

reconstruction projects are multiday repetitive operations where
work zone layout and phasing is often identical from day to day.
Therefore, it is sufficient to analyze a typical déyr at most a
few typical day$ of work for their traffic impact.fia 1 hevalu-
ation time period At=1 h) is considered, 24 values of traffic
demand or anticipated hourly traffic flow approaching the work
zone (f;) and highway capacityd) are needed as input to cover

a period of 1 day. Let these values be denoted bft=0,..,23)
andc(t) (t=0,..,23), respectively, where the indeindicates the
time period. Then, for time periods=1, 2, 3,..., 23, using the
conservation principle, the number of vehicles in the queue in To accurately predict the temporal development and extent of
time periodt is given by gueues and delays created in work zones, it is necessary to have a

whereAt=1 h is the evaluation time period. Eq4)—(3) define

the primary parameters needed by the work zone engineer to as-
sess the impact of a work zone on traffic in creating a TMP. Using
these values, the user delay cost can be estimated provided that
the average cost per vehicle hour expressed in dollars per vehicle
hour is known. The accuracy of this analysis depends on the
accuracy of the demand and capacity values used.

Estimation of Traffic Demand at Work Zones
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reasonably accurate estimate of the traffic demand—that is, the
anticipated hourly traffic flow of the freeway approaching the
work zone. The annual average daily trafffdADT ), which is the
daily traffic demand averaged over all days of the year, is unsuit-
able for this purpose. Shorter time estimates of traffic demand can
be obtained from the AADT when daily, weekly, and seasonal
demand factors ) are known for the freeway. Many traffic
agencies maintain values for daily, weekly, and seasonal demand
factors. For example, the Ohio Department of Transportation
(ODOT) specifies values foug in the range of 0.76 and 1.72
(http://www.dot.state.oh.us/techservsiteMany traffic agencies
also maintain hourly vehicle counts on major highways, in which
caseag=1.

These traffic demand values reflect the behavior and usage
pattern of the public under normal and unrestricted freeway con-
ditions. The usage patterns usually change after the establishmeni
of the work zone impacting analyses of work zone traffic conges-
tion. Once a work zone is set up on a freeway, traffic demand for
that segment of the freeway reduces in reaction to increased travel
times and availability of alternate routes. Therefore, the traffic (@ ®) ©
flow approaching a work zone can be expressed as

) Fig. 2. Common work zone layout$a) lane merging{b) lane shift-
fi(t) =ap(t)asf (1) (4) ing; (c) crossover

where f{ =average traffic demand on the highway prior to the

establishment of th'e work zoneg= seasonal demand factor; and The primary factors impacting the work zone capacity and
ap(t) (O<ap=1) is the demand reduction factcor diversion  ,ngidered in this research are: number of langy; (number of
factor).. The value qf the latter factor depends on the. number of open lanesx,); work zone layout X5); work zone length X,):
motonsts:(l_) choosing alternate route(_Q) char_19m_g their sched- | 5ne width &s): percentage of trucks); grade &-): work zone
ules to avoid the work zonQS). canceling thEI.I' trips because of speed kg); work intensity &o); darkness factordy,); and prox-
the work zone; and4) changing transportation mode, for ex- ity of ramps or interchange effects,(). Theoretically, work

ample, opting to use public transportation. Diversion of traffic ;qne capacity can be expressed as a function of these parameters:
through alternate routes may be signed or advised by an advanced

traveler information systenATIS). Or, it may occur naturally Cw= f(Xi ,X2,X3,X4,X5,Xg,X7,Xg,Xg,X10,X11) (5)
where motorists familiar with the highway corridor select alter- The number of open lanes can vary from 1 to the maximum
nate paths to their destinations. The magnitude gft) is deter- number of existing lanes in each direction. Some work zone lay-

mined from traffic demand studies carried out for similar freeway yts do not involve a reduction in the number of open lanes after
work zone scenarios. Alternatively, or in addition to traffic de- the creation of the work zonFig. 2(b)]. The work zone layout
mand studies, the demand reduction factor can be determinedyarameter identifies one of the three common work zone layouts
from a traffic network analysis of the freeway corridor that in- \;sed in practice, known as lane merging, lane shifting, and cross-
cludes the work zone and alternate origin-destination routes. Thisqyer (shifting a diverted lane onto the right-of-way of the oppos-
factor can change from one time period to another as the congesing traffic) (Fig. 2). For computational modeling, these three lay-
tion caused by the work zone changes. This is because longg s are identified by numbers 0.1, 0.5, and 0.9, respectively. The
queues and delays dissuade motorists from continuing on the freejane width parameter is the minimum width of a traveled lane

way and force them to seek alternate routes. within the work zone. The standard highway lane width in the
United States is 12 ft A width less than 12 ft will negatively

Neural Network Model for Estimating Work Zone impact the lane’s capacity. The percentage of trucks parameter

Capacity represents the percentage of trucks, buses, and heavy vehicles in

the traffic stream. A greater percentage of trucks tends to reduce
mean speeds through the work zone and consequently reduce
freeway capacity. Freeway grade impacts the mean speed of traf-
fic through the work zone, especially when the percentage of
Accurate estimates of work zone capacity are critical for reliable trucks is large.

and accurate computation of queue delays and lengths at work As part of a TMP, a lower speed limit may be imposed and
zones. Work zone capacities and, in general, freeway capacitiesenforced through the work zone to enhance safety. A lower work
depend on the prevailing roadway, traffic, and control conditions. zone speed, however, decreases the capacity of the work zone.
As these conditions within a work zone are significantly different The work intensity parameter describes the intensity of work ac-
from those in an unrestricted segment of the freeway, work zone tivity carried out in the work zone. This is a readily nonquantifi-
capacities have to be estimated separately for each work zoneable parameter. In this research, the work intensity is broadly
scenario by taking into consideration the unique characteristics of categorized into low, medium, or high, depending on the size and
the work zone TMP that impact capacity. For example, work zone number of the equipment and labor at the site, the noise and dust
layouts may contain uncommon geometries such as lane drop-offscreated, and the proximity of work to the traveled lanes. For
and sharp horizontal alignment changes that cannot support highexample, a pavement marking operation is a low intensity work,
speeds, thus reducing the freeway capacity. pavement resurfacing is a medium-intensity work, and pavement

Factors Affecting Work Zone Capacity and Included in
Model
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Work zone capacity parameters
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rehabilitation/lane addition is a high-intensity work. For compu- E « Houly model * Queue delay i
tational modeling, these three work intensity categories are iden- 1 | _ f;(‘;l‘z“z‘tﬁ’) * Queue length E
tified by 0.1, 0.5, and 0.9, respectively. Low-visibility and dark- ! capacity, c,, !
ness reduces capacity, as motorists become more cautious unde! | e Freeway :
such conditions. The darkness factor can vary from greater than 0! f;g‘r‘l‘(’“{]’acsﬂin :
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The interchange effectgroximity of rampg parameter indi- Fig. 4. Interrelation of work zone capacity and delay estimation

cates the presence of an on- or off-ramp within 1,500 ft upstream models
of the work zone taper, or 500 ft downstream of the work zone.
The proximity of ramps produces turbulence in traffic flow, re-
ducing the number of vehicles moving through the work zone. interaction of various factors on the work zone capacity. For ex-
This parameter is modeled as a binary two-valued parameter withample, darkness has a significant impact when the work is of high
values of O(no ramp$ or 1 (ramps exist in proximity to the work  intensity.

zone. Artificial neural networks have been used to solve complicated
pattern recognition and estimation problems not amenable to con-
The Case for Neural Networks ventional mathematical modeling\deli and Hung 1995; Adeli

There is no mathematical function for the work zone capacity and Park 1998; Adeli and Karim 2001Most civil engineering
function represented by E@5). In other words, the work zone  applications of the neural networks are based on the simple back-
capacity problem is too complicated to be amenable to classicalpropagation(BP) algorithm (Adeli 2001). But the BP algorithm
mathematical solutions. The widely usddighway Capacity has shortcomings, including very slow convergence rate and
Manual (HCM) (TRB 2000 provides scant information on the problem-dependent trial-and-error selection of the learning and
work zone capacity based on empirical data measurements. Itmomentum ratios. In the next section, a radial-basis function neu-
provides a base capacity value for ideal unrestricted highway seg-ral network (RBFNN) is developed for estimating the freeway
ments. This value can be modified to take into account certain work zone capacity.

deviations from the ideal conditions by applying reduction fac- The RBFNN has a simple topology consisting of an input
tors. Conditions within work zones are far from ideal, and the layer, a hidden layer of nodes with radial basis transfer functions,
values and reduction factors given for the ideal highway segmentsand an output layer of nodes with linear transfer functions. Using
are generally not applicable to work zone analysis. The HCM the training data, the RBFNN creates clusters for similar patterns.
provides a base capacity of 1,600 vehicles per hour per laneEach cluster has a centéepresented by a hidden layer nade
(vphp) for short-term work zones of any layout. Guidelines are Similarity of any new pattern to the training patterns is measured
also given on how to modify the base value to take into consid- by its proximity to the centers of the clusters. As such, the
eration work intensity, percentage trucks, proximity of ramps, and RBFNN is a regularization or generalization netw@koody and
lane widths. Other factors considered in this research and de-Darken 1989; Poggio and Girosi 1990t is most suitable for
scribed in connection with Eq5), such as work zone layout, estimation problems where limited data is available and overfit-
are not considered. Furthermore, it is important to consider theting needs to be avoided. The danger of overfitting is reduced by
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Table 1. Training Data for RBFNN Model for Estimating Work Zone Capacity

Number Number of Length Lane Percentage Grade Work zone Work Darkness Interchange  Work zone
of lanes open lanes Layofit (mi) width (ft) trucks (%) speed(mi/h)  intensity factor effects capacity(vph)
2 1 M 1 10.0 5 0 45 Low 1.00 No 1,450
3 1 M 2 11.0 5 1 45 Low 1.00 No 1,430
2 2 S 8 11.0 10 0 55 Low 0.95 No 2,900
2 2 S 1 11.0 3 1 55 Medium 1.00 Yes 2,850
3 1 C 5 11.0 8 5 50 High 1.00 No 1,350
3 2 M 2 11.0 15 0 40 Low 0.90 Yes 2,750
3 3 S 10 12.0 5 0 40 Medium 1.00 No 4,650
2 1 M 1 12.0 25 2 45 Low 1.00 Yes 1,300
2 1 C 2 12.0 15 2 35 Medium 1.00 Yes 1,250
3 2 C 5 12.0 10 0 45 High 0.90 No 2,920
4 3 M 1 10.0 5 5 35 High 1.00 Yes 4,000
3 2 M 15 10.0 7 0 40 High 1.00 No 2,750
2 2 S 20 11.0 3 1 50 Medium 0.95 No 2,950
2 2 S 3 12.0 10 0 55 Low 1.00 Yes 3,000
2 1 M 5 11.5 0 5 40 Medium 1.00 Yes 1,450
2 1 C 2 10.0 10 0 40 Low 0.95 No 1,400
3 2 M 4 11.5 15 1 45 Medium 1.00 No 2,980
3 2 M 2 12.0 25 1 45 High 1.00 No 2,650
2 1 C 2 10.0 5 0 35 Medium 0.90 Yes 1,250
2 1 M 2 10.5 8 0 45 Medium 1.00 No 1,375
2 1 M 1 12.0 3 2 55 High 1.00 No 1,550
3 2 C 5 12.0 10 1 45 Low 1.00 Yes 2,950
4 3 M 5 11.0 15 1 45 Low 1.00 Yes 4,100
3 1 M 1 10.5 20 0 35 Medium 1.00 No 1,310
2 2 S 5 10.0 10 0 40 Low 0.90 Yes 2,700
3 2 M 4 10.0 10 0 50 Medium 1.00 No 2,750
2 1 M 1 11.0 5 2 50 High 0.85 No 1,300
2 2 S 2 11.0 5 0 45 High 1.00 No 2,980
2 1 C 10 12.0 20 0 55 Medium 1.00 Yes 1,400
2 2 S 5 11.5 5 0 45 Medium 0.95 Yes 3,000
2 1 M 2 11.5 10 1 40 Low 1.00 No 1,450
2 1 M 1 10.0 5 0 35 Medium 1.00 Yes 1,300
2 2 S 2 11.0 5 5 50 Low 1.00 No 2,950
2 1 C 1 10.5 3 2 45 Low 0.90 Yes 1,420
3 1 M 1 11.0 20 0 45 Medium 1.00 No 1,380
3 2 M 1 12.0 25 1 45 Medium 1.00 No 2,750
2 2 C 5 11.0 5 1 35 Low 0.95 Yes 4,400
3 2 C 3 11.0 0 5 35 High 1.00 Yes 2,850
2 1 M 1 10.0 5 3 40 Low 1.00 No 1,350
3 1 M 1 11.5 7 0 55 Low 1.00 Yes 1,450
a8 =lane merging; S lane shifting; G=lane crossover.

the local nature of the transfer functions that allow only a fraction Radial-Basis Function Neural Network for Estimating

of the nodes to participate in the mapping of a given pattern. Work Zone Capacity

When data are limited, the effect of noise becomes significant and

some patterns may not be sufficiently represented in the training. The architecture of the proposed RBFNN for estimating the work

Generalization in the vicinity of cluster centers is maintained by zone capacity is shown schematically in Fig. 3. It has an input

the graded nature of the transfer functions. The generalizationlayer with eleven nodes representing the eleven parameters in-

properties of RBFNNSs are discussed in detail by Poggio and Gi- cluded in the work zone capacity function defined by Es),

rosi (1990 and Adeli and Wu(1998. In contrast, the multilayer @ hidden layer witiN, nodes with radial-basis transfer functions,

feed-forward neural network trained by the BP algorithm has a and an output layer with one node representing work zone

large number of global transfer functions, making it susceptible to capacity.

the overfitting problem when training data are limited and noisy. Some of the variables in E@5), such as the work intensity,
Another advantage of the RBFNN over the multilayer feed- are in linguistic terms. Such linguistic variables are preprocessed

forward neural network and BP algorithm is its rapid training. first by converting them to numerical values normalized between

Information in an RBFNN is locally distributed. As such, only a zero and one. The numerical parameters are normalized between

few weights have to be modified in each iteration during the 0 and 1 as well. The normalization is done so that no single factor

training process. Because of these reasons, the RBFNN is foundlominates the training process. The number of nodes in the hid-

to be suitable for learning the work zone capacity function for den layer,N;,, is equal to the number of cluster centers used to

which only limited data is available. characterize the training data. It is chosen as a fraction of the total
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3000 - - - T T Computation of Work Zone Queue Delays and
~©- Observed Lengths
2800 —< Estimated 4
2600} ] Fig. 4 shows schematically the interrelation of work zone capac-
- ity, traffic demand, and delay estimation models. The work zone
'§.24°0 r N capacity estimation model takes as input the 11 parameters affect-
:;:,2200‘ | ing work zone capacity. These values are passed through the
g trained RBFNN model to determine the work zone capacity for
& 2000} . the given work zone scenario. The traffic demand estimation
g model takes as input the hourly traffic demand prior to the estab-
E 1800 1 lishment of the work zone, the queue delay and length, if any, and
é 16001 | the driver behavior characteristics. The latter two factors are used
to estimate the demand reduction factor. The estimates of queue
1400} . delay and length are obtained from the work zone queue delay
and length estimation model. This model takes as input the out-
12001 1 puts from the traffic demand and work zone capacity estimation
1000 X , , . models. The work zone capacity and the modified traffic demand

Y 5 10 15 20 25 30 are used to estimate the work zone queue delay and length using
Sample points Egs.(3) and(2), respectively.
Fig. 5. Comparison of observed and RBFNN estimated capacity val- ~ The model is evaluated for each time peritdtl (for example,
ues every houy. If the work zone scenario does not change during the
construction, then the work zone capacity remains constant during
number of training instances. This choice is based on numericalthe analysis. Otherwise, different work zone capacity values are
experimentation for the problem at hand to determine which num- determined for different times of the construction, reflecting the
ber adequately covers the input space and produces the best ma$anging work zone scenario. Similarly, if the traffic flow ap-
ping. A number within the range of 10-30% of the number of proach_lng the work zone is known an_d the demand reduction
training instances is found to produce satisfactory reg@iteli fa.ctorlls. one, the traffic demand model is evaluated once. Other-
and Karim 2000 The cluster centers are represented by vectors Wise, it is evaluated at every time step.
1 (L<j=<N;) obtained using the fuzzg-means algorithm de-
scribed in Adeli and Karin{2000.
The weight of the link connecting the input nodeto the  Training and Testing the Network

hidden nodg is set equal tqu;; corresponding to theth compo-

nent of the vecto;. The output of a hidden nodgis deter- The RBFNN model for work zone capacity estimation is trained
mined by the following Gaussian transfer function: using 40 examples of work zone capacifiable 1. These ex-
[T amples are created from the work zone capacity table provided by
bj= p( — #) (6) ODOT, the guidelines presented in tHeghway Capacity Manual
20 (TRB 2000 for different highway and work zone capacities, and

wherex=vector of input variables; and the factey controls the the experience and judgment of_the writers. The ODOT lookup
spread or range of influence of the Gaussian function centered a%gbles'prowde work zone capacity values for lane closure con-
;. In this work o is calculated agAdeli and Karim 2000 igurations of 3to 2, 3to 1, and 2 to 1, lane widths of 10, 11, and
12 ft, truck percentages from 0 to 25, work zone lengths from O to
No ) greater than 8 miles, and roadway upgrades from 0 to 6%. Guide-

0123_’\%;1 I =il 1=<j=<Np (") lines from the HCM, in the form of recommended ranges of ad-

justments, are used in conjunction with the judgement of the writ-

Eq. (7) approximates the spread parameteras one-third of the  ers to adjust the capacity values for work zone layout, work zone

mean distance between cluster centers. The connection from th&peed, work intensity, and proximity of ramps. The training ex-

hidden nodg to the output node is assigned the weight to be amples represent as many possible combinations of work zone
described shortly. The outpytof the network is then given by scenarios to ensure that the boundaries of the input space are
Np adequately covered for effective generalization by the RBFNN
y= 2 b\ ®) model. Training of the network took less than 10 s on a Pentium
=1 4 PC with a root mean square error of 165. The purpose of the

training was to achieve a generalized mapping rather than a per-
fect fit to the training data. A perfect fit would be of little practical
value, considering the noisy nature of the training data and the
complexity of the problem, which depends on many factors in
addition to the eleven primary factors modeled in this research.
o The network is tested using 27 work zone capacity values

Minimize E(A)=2, |y' v} 9) observed in the field and reported in the literat(denoted by

=t scenarios 1-27 in Fig.)5Nine samples are taken from Dixon and

whereN=total number of training instances. The gradient descent Hummer(1995 (scenarios 1-9 in Fig.)5These samples are for
optimization algorithm is used to solve this optimization problem. two-lane(in each directioprural freeways in North Carolina with
The outputy of the system represents the work zone capacity, one lane closed and one lane open to traffic. The North Carolina
Cyw - data contain 8 of the 11 parameters needed for the work zone

The weights\; are calculated by minimizing the error between
the network computed outpyt and the desired outpyty based

on training examples. In other words, to train the network for
\;’s, we solve the following unconstrained optimization problem:

N
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Table 2. Description of Work Zone Scenarios and Their Capacities Estimated by RBFNN Model
Scenario Number of open lanes Laybutane width(ft) Length(mi) Work zone speedmi/h) Interchange effects Work zone capaditph)

1 2 M 11.0 1 45 No 2,785
2 2 M 11.0 5 45 No 2,705
3 2 C 12.0 5 55 No 2,952
4 2 C 10.5 10 45 No 2,625
5 2 C 11.0 10 45 Yes 2,603
6 1 C 12.0 5 50 No 1,478
M =lane merging; G lane crossover.

capacity estimation model. Values of zero are used for the un-22-32% for samples 12—14, and 28% for samplg Zhe per-
available parameters. Twelve samples are taken from Jig89) centage of trucks parameter significantly impacts work zone ca-
for work zones on four-lane freeways in Indiafsgenarios 10-21  pacity by reducing mean speeds through work zones. The impact
in Fig. 5. These samples are also for work zones with one open is compounded when the work zone is on an upgrade, a parameter
and one closed lane. They contain values for only 7 of the 11 not reported in the sample data used to train the neural network
parameters. Six samples are taken from Kim et(2001 for model. Furthermore, the maximum value for the percentage of
work zones on freeways in Marylandcenarios 22—-27in Fig. trucks in the training data set is 25, thus forcing the RBFNN
5). These samples are for work zones with two open lanes. Themodel to extrapolate for scenarios with higher values. It should
Maryland data also contain 7 of the 11 parameters used in the newalso be noted that the data used for testing the RBFNN model
work zone capacity estimation model. suffered from several problems, including missing values for sev-
The RBFNN is used to estimate the work zone capacity for eral key parameters affecting work zone capacity and differing
these real work zone scenarios from a variety of sites with differ- and/or unknown procedures for data collection and analysis. Nev-
ent traffic and geometric characteristics. The work zone capacity ertheless, considering the very limited amount of training data
values estimated by the RBFNN model are compared with the available to the writers, the model yields reasonably accurate re-
observed values in Fig. 5. The error is mostly in the range of sults for most scenarios.
0.4-11% while for 10 samples the errors range from 20 to 71% The RBFNN model presented is general and is expected to
(samples 4-9, 12—14, and)2®ne reason for the large errors in  perform much better when tested with a larger and more reliable
the estimated work zone capacity values is the large percentage oflata set. This observation is based on the fact that the training
trucks in these samples’ scenariE—-27% for samples 4-9, root mean square error is 165 vehicles per hour, which is accept-
able for most practical purposes.

Table 3. Queue Delay Results for Example 1

Number of vehicles in queue
Traffic

Hour of  demand . Work zone scenariogefined in Table P Table 4. Queue Delay Results for Example 2
day (vph) 1 2 3 4 5 6 Number of
0 682 0 0 0 0 0 0 Dema_nd I\_lumb_er of vehicles in queue
1 431 0 0 0 0 0 0 Hour reduction _veh|cles in queue (from Taple 3
2 304 0 0 0 0 0 0 of day factor (with demand reduction Scenario 1
3 323 0 0 0 0 0 0 0 1.00 0 0
4 312 0 0 0 0 0 0 1 1.00 0 0
5 580 0 0 0 0 0 0 2 1.00 0 0
6 1,934 0 0 0 0 0 456 3 1.00 0 0
7 2,986 201 281 34 361 383 1,964 4 1.00 0 0
8 2,666 82 242 0 402 446 3,152 5 0.99 0 0
9 3,067 364 604 115 844 910 4,741 6 0.98 0 0
10 2,681 260 580 0 900 988 5,944 7 0.95 52 201
11 3,035 510 910 83 1,310 1,420 7,501 8 0.95 0 82
12 2,887 612 1,092 18 1,572 1,704 8,910 9 0.97 190 364
13 2,761 588 1,148 0 1,708 1,862 10,193 10 0.97 6 260
14 3,133 0 0 0 0 0 7,926 11 0.95 104 510
15 3,503 0 0 0 0 0 6,029 12 0.94 33 612
16 3,586 0 0 0 0 0 4,215 13 0.96 0 588
17 4,027 0 0 0 0 0 2,842 14 1.00 0 0
18 2,609 0 0 0 0 0 51 15 1.00 0 0
19 1,895 0 0 0 0 0 0 16 1.00 0 0
20 1,591 0 0 0 0 0 0 17 1.00 0 0
21 1,492 0 0 0 0 0 0 18 1.00 0 0
22 1,423 0 0 0 0 0 0 19 1.00 0 0
23 833 0 0 0 0 0 0 20 1.00 0 0
Maximum 21 1.00 0 0
queue 22 1.00 0 0
length (mi) 1 1.9 0.19 2.8 3.1 17.0 23 1.00 0 0
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Examples Table 5. Queue Delay Results for Example 3

Hour Traffic demand Number of vehicles in queue

Example 1 of day (vph) Phasing 1 Phasing 2 Phasing 3
This example demonstrates the use of the new work zone capacity 0 180 0 0 0
and delay estimation model as an intelligent decision support sys- 1 50 0 0 0
tem for the creation of a work zone TMP. It also highlights the g }ég 8 8 8
significance of accurately estimating the work zone capacity for 4 833 0 0 0
reliable estimation of queue delay and length. A work zone needs ¢ 1145 0 0 0
to be established on a six-lane freew#yree lanes in each direc- 6 2:161 0 580 0
tion) for lane resurfacing. The work will start at 6 a.m. each day - 821 0 0 0
and terminat 8 h later. The capacity of the unrestricted freeway g 1,020 0 0 0
(in one direction is 5,400 vph. 9 930 0 0 0
Six work zone scenarios are evaluated for this work, as de- 10 910 0 0 0
scribed in Table 2. Each scenario represents a different work zonell 1,320 0 0 0
geometry and management option. It is desired that at least twol2 1,620 39 0 0
lanes be kept open through the work zone. The impact of work 13 1,728 186 0 0
zone layout, lane width, length, speed, and proximity of ramps are 14 2,154 759 0 0
investigated. A work zone scenario with one open Igeenario 15 2,420 1,509 0 0
6) is also considered for situations where it becomes unavoidable.16 2,021 2,038 0 0
The RBFNN model for estimating work zone capacity is used to 17 1,460 1917 0 0
determine capacity values for these scenarios. The results, give 8 388 8 8 8
in Table 2, clearly show the significant dependence of work zone 400 0 0 0
capacity on parameters such as length, lane width, and proximity21 280 0 0 0
of ramps. By increasing the work zone length from 1 to 5 mi, the ,, 240 0 0 0
work zone capacity is reduced from 2,785 to 2,705 (gitenarios o3 210 0 0 0

1 and 2. The width of lanes has a more significant effect, as seen
from the estimated capacity values for scenarios 3, 4, and 5. The
proximity of a ramp reduces capacity by only 22 \gleenarios 4

and 3. Comparing scenarios 1 and 2 with scenarios 3, 4, and 5, it 35 motorists change behavior in reaction to delays or delay infor-
is seen that the lane merging layout produces slightly better ca-mation. Data for the six-lane freeway presented in Example 1 is
pacity values as compared with the crossover layout. used in this example. Work zone scenario 1 is analyzed. The
Table 3 gives the number of vehicles in queue at each f@ur  traffic demand on the freeway and the demand reduction factors
queue delay in vehicle-hoursor the six work zone scenarios.  are given in Table 4. Up to 6% of motorists change their behavior
The hourly traffic flow approaching the work zorteaffic de- and reduce the flow approaching the work zone. The results of the
mand is given in column 2. In this example, it is assumed that the capacity and delay estimation model are given in Table 4. It is
traffic demand reduction factor is 1. The maximum vehicles in ggen that the number of vehicles in queue decreases sharply as
queue produced by the six scenarios varies from($6nario 3 compared with the case when no reduction in demand is consid-
to 10,193(scenario § Assuming the jam densityk] is 200 ve-  gred in the analysis. This example highlights the importance of
hicles per mile per lane and the queue is evenly distribution waring motorists in advance and providing them with alternate
among the three lanes, the maximum queue lengths produced byoytes in reduction of queue delays and lengths. It also shows that
these scenarios vary from 0.19 to 17 mi. The maximum deter- ysing traffic demand on unrestricted freeways for the computation

mined for scenario 6 may not be attained in practice, becauseof work zone queue delays and lengths will overestimate these
motorists would react to the delay and change their behavior. In g es.

any case, scenario 6 should not be adopted except for emergency
situations. Work zone scenario 3 provides the best solution for
this example. This scenario satisfies ODOT’s requirement that Example 3

queue lengths should be less than 0.75 mi long at all times Thjs example illustrates the impact of work scheduling on work
(ODOT 2000. zone delays and queue lengths. A work zone on a four-{ame

The significance of accurate work zone capacity estimation is |anes in each directigrireeway is analyzed. The work zone has a
evident from Table 3. Comparing scenarios 3 and 4, a slight in- |ane merging layout with one lane open, having a width of 11 ft
crease in work zone capacity caused by modifying the work zone Ten percent of the traffic stream is composed of heavy vehicles.
characteristic has drastically reduced the queue delay. Scenario 4pe speed limit through the work zone is 45 mi/h. The work is of
causes a daily queue delay of 7,097 vehicle-hours, as compared tgnedium intensity with a duration of 6 h, and no ramps exist in the

only 250 vehicle-hours for scenario 3. proximity of the work zone. Using the RBFNN model for work
zone capacity estimation, the capacity of this work zone scenario
Example 2 is found to be 1,581 vph. The unrestricted freeway capacity is

3,800 vph. The hourly traffic flow approaching the work zone
This example illustrates the use of the demand reduction factor (traffic demandgl is given in Table 5. Three work zone starting
and its impact on the computation of work zone queue delay andtimes(or phasing are analyzed. In phasing 1, work starts at noon
length. Hourly traffic demand is often measured on or estimated and ends 6 h later. In phasing 2, work starts at 4 a.m., while in
for unrestricted freeways. However, when a work zone is estab- phasing 3 work starts at midnight. The results computed using the
lished, the traffic flow approaching the work zone often reduces, work zone capacity and delay estimation model are given in Table
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